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The effect of hydrostatic pressure up to 12 kbar on the electrical resistance in the basal ab-plane of optimally oxygen-doped
(6<0.1) single crystals Y1 xPr«Ba:CusO7-s moderately doped with praseodymium (x=0.23) with a critical temperature Tc=67 K.
Compared to undoped single-crystal YBa2CusO7-s, doping with praseodymium led to a decrease in the critical temperature by ~24 K
with a simultaneous increase in pab (300 K) by =130 uQcm. In the region of the transition to the superconducting state, several clearly
pronounced peaks are observed on the dp/dT — T curves, which indicates the presence of several phases with different critical
temperatures in the sample. The application of high hydrostatic pressure leads to an increase in Tc by about 3 K. This increase slows
down with increasing pressure, and the baric derivatives, dT¢/dP, decrease from 0.44 K/kbar at atmospheric pressure to 0.14 K/kbar at
11 kbar. The comparatively weak change in the critical temperature under the action of hydrostatic pressure is due to the relatively
small value of the orthorhombic distortion, (a—b)/a. The change in the baric derivative dTc/dP upon all-round compression of the sample
is due to the fact that, along with an increase in the Debye temperature, the matrix element of the electron-phonon interaction also
increases. Possible mechanisms of the effect of high pressure on Tc are discussed taking into account the presence of features in the
electronic spectrum of carriers.

Keywords: Y1xPrBa2CuzOz-s single crystals, doping with praseodymium, hydrostatic pressure, phase separation, baric
derivatives.

BruiiB THCKY Ha eIEeKTpUYHUN OTip MOHOKpHUCTATIB Y .77Pro23Ba;Cuz07.
.4, Xamxkaii!, A.B. Mauenynin!, A. Xpouneoc®?, LJI. 'ynaric?, P.B. Bopk?
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JloCIi/KeHO BIUTMB TiAPOCTATHYHOTO THCKY 10 12 kGap Ha enekTpuuHMii omip B 6Ga3ucHOT ab-IUIONMHI ONTHMAIbHO
nonosanux kucHeM (O <0.1) monokpucraniB Yi1-xPrkBa:CusOr-s, momipHo neropanux mpaseogumoM (x=0,23) ¢ KPUTHYHOIO
temneparyporo 7c~67 K. IlopiBHSHO 3 HeEJIErOBaHHMH MOHOKpUCTATIYHHMHU 3paszkamu YBaCusOr7-s, neryBaHHS mHpa3eoIuMOM
MIPHU3BENO 10 3MEHIICHH KPUTHYHOI TeMIiepatypu Ha ~24 K npu ogHOouacHOMY 30inbiieHHi pab (300 K) Ha ~130 MxOwm-cMm. B o6macri
Mepexo/1y B HAIIPOBIIHUI CTaH CIIOCTEPIra€ThCs KiIbKa YiTKO BUpaXKeHHX MikiB Ha kpuBux dp/dT — T, 110 CBIAYHUTH PO MPUCYTHICTH
B 3pa3Ky JEKITbKOX (a3 3 Pi3sHUMH KPUTHUYHHMH TeMIeparypamMu. BHCOKHMH TigpOCTaTHYHMI THCK NPH3BOJHUTH A0 3pOcTaHHS 7.
npubm3Ho Ha 3 K. Ile 3pocTanHst CIOBUTLHIOETHCSI TIPH 301TBIICHH] TUCKY, TiprdoMy OapuuHi moxinui, dTc/dP, 3menmyioTscs Bix 0.44
K/kbar mpu atmocdepromy tucky, no 0.14 K/kbar mpu 11 kbar. IlopiBHsHO crnabka 3MiHa KPHUTHYHOI TeMIepaTypH NpH BIUIUBI
TiZIPOCTATHYHOTO THCKY OOYMOBIICHA BiJJHOCHO MAJIOK0 BEIHYMHOI OPTOPOMOiYHOI aucropcii, (a-b)/a. 3mina GapuuHOl MOXiAHOT
dTc/dP mpu BceGiuHOMY CTHCKY 3pa3ka MOB'sI3aHa 3 THM, [0 HOPsI 31 3pocTaHHsAM Temieparypu Jebast, 301bIIyeThes i MaTpUYHHMIA
€JIEMEHT eNIEKTPOH-(DOHOHHOI B3aeMoJil. MOXINBI MEXaHi3MH BIUIMBY BHCOKOTO THCKYy Ha Tc OOTOBODIOIOTHCS 3 ypaxyBaHHSIM
HAsBHOCTI 0COOJIMBOCTEH B €IIEKTPOHHOMY CIIEKTPi HOCITB.

KonrouoBi cioBa: moHokpucramu Y1xPrkBazCusOv-s, meryBaHHs mpa3eofiMoM, TiIPOCTaTHIHUH THCK, MO (a3, OapudHi
TIOX1THI.

Bnusinue AABJICHHUA Ha JJICKTPOCOIIPOTHUBICHUC MOHOKPHUCTAJIJIOB

Y 0.77Pr0.23BaxCuz07.5
.5, Xamxkaii®, A.B. Mauenynun?, A. Xponeoc?3, U.JL. I'ynatuc?, P.B. Bopk?

1 Qusuueckuii paxynromem, Xapwvrosckuii hayuonanshwiu ynugepcumem umenu B.H. Kapasuna, m. C60600w1 4, 61022, Xapvros, Ykpauna
2 Faculty of Engineering, Environment and Computing, Coventry University, Priory Street, Coventry CV1 5FB, United Kingdom
3 Department of Materials, Imperial College London, London, SW7 2AZ, United Kingdom

© Khadzhaj G.Ya., Matsepulin A.V., Chroneos A., Goulatis I.L., Vovk R.V., 2020



Pressure effect on the electrical resistance of Yo 77Pro23Ba,CusOyr.; single crystals

HccneoBaHo BIHSHHUE THAPOCTATHYECKOTO IaBieHUs 10 12 kOap Ha SJIEKTPUYECKOE COMpPOTHBICHHE B GasucHoil ab-
[UTOCKOCTH ONTHUMANBHO JOMHUPOBAaHHBIX KuciaopoaoM (0<0.1) monokpuctamioB Y1xPrkBa:CusO7-5, yMepeHHO IerHpOBaHHBIX
npaseoaumoM (x~0,23) ¢ xpuruueckoit TemmepaTypoit Tc=67 K. Ilo cpaBHEHHIO ¢ HEIETMPOBAHHBIMH MOHOKPHCTAIINYECKUMH
obpasmamu  YBa:CusO7-5, nermpoBaHue mpa3eoquMOM MPHUBENTO K YMEHBIIEHHIO KPUTHYECKOH Temiepatypel Ha ~24 K mpu
onHOBpeMeHHOM yBenmueHHH pab(300 K) Ha ~130 MxkOM-cM. B obOnacTu mepexona B CBEpXIPOBOJSAIICE COCTOSHHUE HAOIIOIACTCS
HECKOJIBKO OTYCTIIMBO BBIPOKCHHBIX MUKOB Ha KpuBbIX dp/dT — T, 4TO CBHIETENBCTBYET O NPUCYTCTBHHU B 0Opasiie HECKONIbKUX (a3 ¢
Pa3ITMYHBIMHU KPUTHYECKUMH TeMIepaTypaMH. [IpriioskeHne BEICOKOTO THIPOCTaTHIECKOTO IABICHUS IIPUBOMT K POCTY ¢ IPUMEPHO
Ha 3 K. DTOT pocT 3aMeuisieTcs Ipy yBeIMYCHUH AaBJICHHs, TpuueM Oapudeckue npousBoausie, dTc/dP, ymensiuarores ot 0.44 K/kbar
npu atmocdeprom masnennu, 1o 0.14 K/kbar npu 11 kbar. CpaBrurensHoe cnaGoe M3MEHEHHE KPHUTHYECKOW TEMIEpaTypsl IpH
BO3/ICHCTBUH THIPOCTATHYECKOTO AABICHHS 00YCIIOBICHO OTHOCHTEIHHO MAJIOW BEJIMYMHON OPTOPOMOHUECKOit auctopenu, (a—h)/a.
W3menenne Oapuueckoil mpousoaHoit dTc/dP mpm BcecTopoHHEM CXaTHu 00pasia CBS3aHO C TEM, YTO, HApsgy C POCTOM
Temreparypsl JleOas, yBeIUUUBAaeTCSd M MATPUYHBIM 31E€MEHT 3J1eKTPOH-()OHOHHOTO B3aMMOAEHCTBUSA. B0O3MOXHBIE MEXaHH3MBI

BIIMSIHUS BBICOKOT'O IaBJIECHHS Ha Tc 00CYKAAIOTCA C YUETOM HAIMYUS OCOOCHHOCTEH B 3JIEKTPOHHOM CIIEKTPE HOCHTEINEH.
Kiwuessle ciioBa: MoHOKpHCTALTH Y 1-xPrkBa2CusOy7-s, ternpoBanme mpa3eouMoM, THAPOCTATHYECKOE aBlicHHE, (a3oBoe

pasaeieHue, 6apI/IHOBI)Ie IIPpONU3BOJHLIC.

Introduction

The use of high hydrostatic pressures continues to be
one of the most popular techniques for studying the
structural and magnetoresistive characteristics of high-
temperature superconducting cuprates (HTSC) [1, 2].
Despite the fact that almost 35 years have passed since the
discovery of high-temperature superconductors in 1986 by
Bednorz and Miiller [3], the microscopic mechanism of
this unique physical phenomenon still remains unclear. In
this aspect, the hydrostatic pressure allows not only to
check the adequacy of the currently existing numerous
theoretical models [4], but also to establish the most
significant parameters of HTSC structures, which
determine their physical characteristics in the normal and
superconducting states. Among the HTSC cuprates, the
most popular for this kind of research are compounds of
the RBa,CuzO7s (R = Y or another rare earth element)
system [5, 6]. The critical temperature (T;) of these
compounds, optimally doped with oxygen, is T, =90 K [7]
and weakly depends on the nature of R. Importantly,
CeBa,Cuz07.5 and TbBa,Cu3zO7.5 do not form an ORTO-
structure, PmBa,CuzO~.5 is radioactive, and PrBa;CuszOr.s
is not superconductive (the “praseodymium anomaly”)
[8,9], despite the presence of an orthorhombic unit cell
[10]. Of particular interest are compounds with a partial
substitution of Y for Pr, which, leads to a partial
suppression of superconductivity [11], and allows the
lattice parameters and oxygen stoichiometry of the
compound to remain practically unchanged.

Typically in cuprates the dT¢/dP dependence is positive
[12], while the dInp/dT derivative is negative and relatively
large [4,13,14]. However, the data presented in studies
concerning the effect of pressure on the T¢ in Yo
xPrxBazCuzO7_s compounds (see, for example, review [15])
are often contradictory. The registration of both positive
and negative values of dT./dP were reported, and in some
cases, the change of sign of dT./dP [15]. Importantly, a
significant part of the experimental data was obtained on
ceramic, film and textured samples of very different

technological background [4, 13, 15]. In our previous
studies [2, 16], we investigated the effect of pressure on the
resistive characteristics of low-doped praseodymium
(x=0.05) single-crystal samples Y1..PrxBa,CuzO7.s. It was
determined that, in contrast to stoichiometric YBa;CusO7.5
samples, the application of high pressure to
Yo.95Pro0sBazCusO7.5 single crystals leads to a double
increase in the value of dT./dP [2,16]. In these studies
possible mechanisms of the effect of high pressure on T,
taking into account the presence of features in the
electronic spectrum of the carriers were considered [2,16].
In the present study we investigate the effect of hydrostatic
pressure on the electrical resistivity in the basal plane of
Y 1.xPrkBa;Cus07.5 single crystals with an average (x~0.23)
concentration of praseodymium and a critical temperature
Te=67 K.

Results and discussion

Figure 1 shows the temperature dependences of the
electrical resistivity in the basal plane, pa(T), of the Yi.
xPrkBa;CuzO7s single crystal measured at different
pressures. Inset (a) shows the resistive transitions to the
superconducting state in coordinates dp/dT — T. As follows
from Fig. 1, the values of T¢ and pan(300 K) at atmospheric
pressure were 67 K and 331 uOhm-cm, respectively. Thus,
in comparison with undoped single-crystal YBa,Cu3zOzr.5
samples [16*], the critical temperature decreased by 24 K
with a simultaneous increase in pan(300 K) by =130
pOhm-cm, which generally agrees with the literature
[8,15]. At present, there are a number of theoretical models
devoted to the study of the reasons for the degradation of
the superconducting and normal characteristics of
YBa,CuzO7.s compounds under the influence of
praseodymium impurities [15]. The best known among
them are the so-called “hole filling model” [18], “pair
breaking phenomena” [19], as well as models assuming the
localization of hole carriers and, due to the interaction with
praseodymium ions, various mechanisms of rearrangement
of band states [15].
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Fig. 1. Temperature dependences of the electrical resistivity in the basal plane, pan(T), of the Yo.77Pro.23Ba2Cu3O7-s single crystal
measured at pressures 0; 4.1; 6.4; 8.7; 11 kbar - curves 1-5, respectively. Inset (a): resistive transitions to the superconducting state
in coordinates dp/dT — T. Inset (b): pressure dependences of 7. and pan(300 K).

As can be seen from inset (a), on the dp/dT — T
coordinates in the region of the transition to the
superconducting state, there are several clearly pronounced
peaks corresponding to the steps in the corresponding
dependences shown in Fig. 1. As it was established
previously [20, 21], the similar shape of superconducting
transitions indicates the presence in the bulk of the
experimental sample of several phases with different
critical temperatures (Tc1 u Teo), which, in turn, correspond
to the maximum point at each of the peaks. In this case,
according to the well-known parabolic dependence [22],
each of these phases is characterized by the corresponding
concentration of current carriers. As follows from inset (a),
an increase in the applied pressure leads to some change in
the height and shape of the steps, as well as a shift in
temperature of the maximum points. This, can indicate a
significant change in the paths of the transport current due
to a change in the size and composition of clusters with
different T.. For  YBa)CusO7s samples of
nonstoichiometric oxygen composition, such phenomena
can be observed due to the implementation of the
ascending diffusion process in the system [23]. As it can be
seen from inset (a), an increase in the applied pressure
leads to a significant change in the difference (Tci-Tco),
which may indicate the retention of the initial phase

separation in our sample. Notably, the oxygen content here
was close to stoichiometric, which should minimize the
effect of the redistribution of labile oxygen on the above
processes. Indeed, as shown previously [7, 24], the
application of high pressure in the case of YBa>CusOrs
samples of stoichiometric composition, as a rule, does not
lead to the occurrence of structural relaxation processes,
which usually occur due to the diffusion of labile oxygen
in the bulk of the sample. Apparently, the phase separation
under pressure observed in the present study can be due to
a change in the size and composition of clusters
characterized by different contents of praseodymium [25].
It should be noted that an increase in the praseodymium
content in a local volume element of an experimental
sample, as a rule, leads to the effect of a diametrically
opposite effect of an increase in the oxygen content. While
an increase in the oxygen concentration leads to an increase
in Tc and an improvement in the conducting characteristics
of an individual phase [23,26], an increase in the
praseodymium content contributes to the suppression of
conductivity and a decrease in T¢ [15,25]. Thus, it can be
assumed that the phase separation observed in the Y.
xPrkBazCuzO7.s compound under the action of high
pressure, in contrast to the case of pure YBa;CusOr-s
samples, is a more complex and ambiguous process.
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However, verification of the validity of this assumption
requires additional studies of the effect of all-round
compression on the critical temperature of Y.
xPrkBazCuzO7.s compounds, including a wider range of
praseodymium concentrations, as well as using structural
measurements on the samples with a higher degree of
praseodymium doping.

As follows from inset (b) for our sample, dTc/dP
decreases from 0.44 K/kbar near atmospheric pressure to
0.14 K/kbar at 11 kbar, which is slightly less than for the
sample with x~0.3 [15], but more than for the pure sample
YBa;CuzOrs [7] and the YogsProosBa,CusO7.s sample
[2,16] As we have already noted previously[16], such a
value of the baric derivative dT/dP can be explained by the
traditional use of the well-known Macmillan formula for a
qualitative analysis of the 7.(P) dependences [27]:

_ QD
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where & is the Debye temperature, 4" is the screened
Coulomb pseudopotential characterizing the repulsion of
electrons, A is the electron-phonon interaction constant,
which, in turn, depends on the parameters of the electronic
and phonon spectrum of the superconductor:
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where N(er) is the density of states at the Fermi level, | is
the matrix element of the electron-phonon interaction
averaged over the Fermi surface, and M is the mass of the
ion.

Under the assumption that upon compression of the
sample, along with an increase in the Debye temperature,
the matrix element of the electron — phonon interaction also
increases [28], the values dT./dP<0.2 K/kbar seem to be
quite reasonable. Herewith, however, it should be noted
that for samples with a praseodymium impurity
concentration x> 0.3, the absolute value of the baric
derivative dT/dP can reach values greater than 0.6 [15]. In
addition, as noted above, a change in the sign of dT./dP
was observed in some works. All of the above does not
allow us to uniquely interpret the data obtained in the
framework of the BCS theory.

At the same time, the relatively weak effect of pressure
on the T value of samples weakly doped with
praseodymium can be explained within the framework of
the model assuming the presence of a Van Hove singularity
in the spectrum of charge carriers [29, 30], which is
characteristic of strongly coupled lattices. As is known, for
crystals with high Tc=~90 K the Fermi level lies in the valley
between two peaks of the density of states, while the

density of states at the Fermi level N(Eg) significantly
depends on the so-called orthorhombic distortion (a-b)/a
[29]. An increase in the (a-b)/a ratio leads to an increase in
the distance between the peaks of the density of states and,
accordingly, to a decrease in N(Ef) and Tc. A decrease in
the ratio (a-b)/a leads to the convergence of the peaks of
the density of states which leads to an increase in N(Ef)
and Te. Such a regularity of the change in T was observed
when studying the effect of uniaxial compression along the
a and b axes on the critical temperature of single crystals
with Te=90 K [31]. When a load was applied along the a
axis, the critical temperature increased and when a load
was applied along the b axis, it decreased. Under the
influence of hydrostatic pressure, the value of the ratio (a-
b)/a changes only slightly, since it is determined only by
the difference in compression moduli along the a and b
axes. Therefore, the change in the critical temperature
under the influence of hydrostatic pressure is relatively
small.

For crystals with a low T~60 K, the Fermi level, due
to strong doping with substitutional elements, can be
shifted from the middle of the band and located away from
the peak of the density of states [32]. Therefore, if the value
of the critical temperature is primarily determined by the
density of electronic states, then under the action of
hydrostatic pressure the Fermi level can shift toward the
peak of the density of states, thereby leading to a
significant increase in the absolute value of dT./dP. Some
role in this case can play the specific mechanisms of
quasiparticle interaction [33-35] and relaxation of a
defective ensemble, which we discussed in more detail in
[36]. However, verification of the validity of this
assumption requires additional studies of the effect of
pressure on the critical temperature of Y1.xPrBa;CuzO7-s
compounds, including a wider range of praseodymium
concentrations.

Conclusions

Summarizing the above, we note that hydrostatic
pressure does not affect the morphology of a
superconducting cluster in a praseodymium-doped Yo.77-
xPro23sBa;,CusO7.5 single crystal. It was found that, in
contrast to the pure YBa,Cu3zO7.; samples with the optimal
oxygen content, the application of high pressure leads to a
triple increase in the value of the baric derivative dT./dP.
Possible mechanisms of the effect of high pressure on T¢
are discussed, taking into account the peculiarities in the
electronic spectrum of charge carriers.
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